Summary: We examined the brain damage following re peated hypotensive episodes in the rat, Severe hypoten sion was induced by withdrawal of arterial blood, The MABP was maintained at about 25 mm Hg with isoelec tric EEG and the shed blood was retransfused, After I week of recovery, histopathological changes were exam ined, No brain damage was observed after I min of iso electric EEG, Mild neuronal damage to the hippocampal CAl subfield was seen in some animals after two episodes of I-min isoelectric EEG at a I-h interval. Significant and consistent neuronal loss in the hippocampal CA I subfield
Temporal deficiency of brain circulation may of ten be experienced in patients with various disor ders, The causes may be as follows: (a) hemody namic transient ischemic attacks (TIAs) in patients with obstructive diseases of cerebral arteries; (b) cardiac dysrhythmias causing Adams-Stokes syn drome; (c) exaggerated fluctuations of blood pres sure especially in patients with hypertension taking antihypertensives; (d) orthostatic hypotension; (e) Moyamoya disease: or (f) many other cerebral dis orders complicated by hypotension, Experimental evidence shows that transient cere bral ischemia produces a selective distribution of neuronal damage (Pulsinelli et aL, 1982; Smith et aL, 1984; Araki et aI., 1989) and that repeated ce rebral ischemia at certain intervals produces severe damage to the selectively vulnerable areas (Kato et aI., 1989; Nakano et aI., 1989; Kato and Kogure, 1990) , We have also reported that severe systemic hypotension leads to neuronal damage in the selec-was observed after three episodes of I-min isoelectric EEG, Scattered neuronal damage in the thalamus was additionally seen in some animals, The present study in dicates that repeated brief hypotensive episodes produce brain damage depending on the number of episodes, even though no brain damage results when induced as a single insult, This animal model may reproduce hemodynamic transient ischemic attacks in humans, Key Words: Cere bral ischemia-Hemorrhagic hypotension-Hippo campus-Selective vulnerability-Transient ischemic at tacks-Rat, tively vulnerable brain areas in the rat (Yamauchi et aI., 1990 ). The hypotension model produces cere bral neuronal damage following 2-3 min of isoelec tric EEG without any appreciable systemic effects, permitting long-term recovery.
The purpose of this study was to determine the distribution and degree of brain damage following repeated minimal periods of hypotensive episodes using the hypotension model in the rat. One week of recovery was used b. ecause the density of brain damage may be grossly underestimated if the recov ery period is not long enough.
MATERIALS AND METHODS
The experiment was performed on adult male Wistar rats weighing 230-300 g. The animals were not fed over night before operation but allowed water ad libitum.
The method of induction of hemorrhagic hypotension has been described (Yamauchi et aI., 1990) . Rats were anesthetized with 2% halothane, 70% N20, and a balance of O2 using a semiclosed facemask. Both femoral arteries were canulated with polyethylene catheters (internal di ameter = 0.50 mm) and the catheters were advanced into the descending aorta for continuous recording of systemic arterial blood pressure, and measurements of arterial gases, pH, and glucose, and for withdrawal of blood. For EEG recording, a pair of needle electrodes was inserted into the temporal muscle. Body temperature was main-tained at 37°C using a heating pad. Anesthesia was main tained with 1% halothane, and the withdrawal of blood was done under spontaneous breathing. After the physi ological parameters had stabilized, blood was withdrawn from the femoral artery over a 2-min period into a syringe containing 0.6 ml of heparinized saline (100 U heparin/ml of saline). The arterial blood pressure and EEG were re corded at a fast chart speed during the insult. The MABP was reduced to between 20 and 30 mm Hg until the EEG became isoelectric, and was maintained at this level by additional withdrawal of appropriate volumes of blood as required. The shed blood was reinfused after 1 min of isoelectric EEG. The hypotensive insult was repeated two or three times at I-h intervals. When the final insult was finished and blood pressure had recovered to the pre insult level, the catheters were removed and the inci sions sutured.
The animals were divided into four groups: control, and those subjected to 1 min of isoelectric EEG once, twice, or three times at I-h intervals (n = 6 for each group). The animals in the control group were surgically manipulated in the same way as those subjected to hypotension but without bleeding. A group of animals (n = 10) with MABP of -30 mm Hg for 10--15 min, but without disap pearance of EEG activities, was also examined.
At I week of recovery, the animals were anesthetized with sodium pentobarbital (40 mg/kg, intraperitoneal). Af ter a brief rinse with heparinized saline, the brains were perfusion-fixed via the ascending aorta with 40% formal dehyde: glacial acetic acid: methanol, 1: 1 :8, for 20 min at a pressure of 120 mm Hg. On the following day, the brains were removed and immersed in the same fixative. They were then cut coronally and dehydrated in graded strengths of ethanol over 2 days. Following immersion in xylol and paraffin embedding, they were subserially sec tioned at a 5 ILm thickness on a microtome, and stained with cresyl violet and hematoxylin-eosin.
Intact neurons in the dorsal hippocampal CAl subfield were counted under a light microscope at a magnification of x400. The sections were examined in a blinded fash ion. Each section was photographed at a magnification of x33, the linear length of CAl was measured, and the number of hippocampal CA 1 pyramidal cells per I-mm length was calculated (Kirino et al., 1986) .
Results were expressed as mean ± SD. Statistical dif ferences were evaluated using Krauskall-Wallis one-way analysis of variance test and non parametric Dunnett type test (two-tailed). Differences giving p values of <5% were regarded as significant.
RESULTS
Physiological parameters were well-maintained under the experimental conditions employed. Table  1 summarizes the MABP and the volumes of shed blood of the experimental animals. There were no changes in the physiological parameters when hy potensive episodes were repeated. When the vol ume of shed blood was between 25.2-27.5 ml/kg, the EEG became isoelectric within 90 s. Slow-wave EEG activities appeared soon after reinfusion of the shed blood, and the EEG activity gradually recov ered and returned to the baseline level by both fre quency and amplitude criteria before the succeed ing hypotension was induced. The arterial blood pressure was within normal ranges during the 90 min of observation following two or three insults. The Pao2, Paco2, pH, and blood glucose before isch emia were kept at 139. 5 ± 17. 8 mm Hg, 29. 9 ± 6. 1 mm Hg, 7.435 ± 0.012, and 129.5 ± 8.6 mg/dl (n = 15), respectively. These same parameters at 10 min after three insults were 136.5 ± 5.1 mm Hg, 29.0 ± 3. 4 mm Hg, 7.433 ± 0.015, and 129. 5 ± 4.2 mg/dl (n = 4), respectively. Soon after halothane anesthesia was discontin ued, the animals regained consciousness and right ing reflex, but they could not move their hindlimbs. The animals recovered motility and started eating and drinking spontaneously within a day. There were no abnormal behavior or seizures during the recovery week. The animals lost weight the first and second days of survival but regained preexper imental weight and more thereafter.
No histopathological abnormalities were seen in the control animals (Fig. 1A) . Changes were also absent in rats subjected to 1 min of isoelectric EEG. A small number of pyramidal cells of the hippocam- Values represent mean ± SD (n = 6).
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. pal CAl subfield were destroyed after two I-min isoelectric EEGs (Fig. lB) . Significant and consis tent neuronal loss in the hippocampal CAl subfield was recognized after three I-min insults (Fig. 1C) . Table 2 shows the neuronal density of the hippo campal CAl subfield. In the sham-operated group, the neuronal density of the CAl subfield was 142.7 ± 18.1 cells/mm. The densities for single I-min in sults and two I-min insults were 139.9 ± 12.2 cells/ mm and 119.4 ± 5.7 cells/mm, respectively. The neuronal density was significantly reduced to 62.2 ± 35.9 cells/mm after three I-min hypotensive epi sodes. Scattered, shrunken, and eosinophilic neu rons were seen in the ventral nuclei of the thalamus in some animals after three episodes. Neurons in the dentate gyrus and the CA3 subfield were pre served. No morphological changes were observed elsewhere including the cerebellum.
There was no neuronal damage in the hippocam pal CAl subfield and elsewhere following 10 or 15 min of hypotension at 30 mm Hg without disappear ance of EEG activities.
DISCUSSION
The present results demonstrated that 1 min of isoelectric EEG produces no appreciable brain damage but that three such episodes at 1-h intervals lead to destruction of hippocampal CA 1 pyramidal cells. Two episodes of I-min isoelectric EEGs did not cause a significant decrease in the CAl neurons. Thus a cumulative effect was observed for the pro duction of CAl pyramidal cell death. Furthermore, 10-15 min of hypotension, the MABP being as low as 30 mm Hg but without a loss of EEG activities, could not produce any neuronal damage. Therefore, both the number of episodes and the density of in sult play important roles.
Cardiac arrest or severe hypotension (Yamauchi et aI., 1990) in the rat produces a selective distribution of neuronal damage that is equivalent to that seen after fore- Values represent mean ± SD (n = 6). Animals were either sham-operated or subjected to repeated hemorrhagic hypotension. Measurements taken after I week of recovery. a p < 0.05 significantly different from sham-operated control.
brain ischemia in the rat (Pulsinelli et aI., 1982; Smith et aI., 1984) and in the gerbil (Araki et aI., 1989) , in every case the hippocampus being the most susceptible.
In addition, we have reported that repeated non lethal cerebral ischemic insults both in the rat and the gerbil produce most severe neuronal damage when such insults are repeated at I-h intervals in comparison with shorter or longer intervals (Na kano et aI., 1989; Kato and Kogure, 1990) . A similar phenomenon was also reported by Tomida et al. (1987) who found that repeated 5-min insults of forebrain ischemia in the gerbil produced the most severe edema and histological injury when the in sults were carried out at I-h intervals. Therefore, we employed the I-h interval when repeating hy potensive episodes.
The present study using long-term survival after three I-min hypotensive episodes at I-h intervals revealed neuronal damage to the hippocampus, whereas neurons in other areas were hardly af fected. It goes without saying that brain damage following severe hypotension is caused by cerebral ischemia. Previous studies show that the most vul nerable neurons in the brain are the CAl pyramidal cells of the hippocampus (Kirino, 1982; Kirino and Sano, 1984; Araki et aI., 1989) . The CAl subfield of the hippocampus is especially susceptible to cere bral ischemia and neurons are lost following as short as 2-3 min of ischemia (Smith et aI., 1984; Yamauchi et aI., 1990) . In addition, scattered tha lamic neurons were damaged in some animals. This damage may be caused by repeated ischemic insults emphasized in the thalamus (Ikeda et al., 1989; Kato and Kogure, 1990) .
Postischemic neuronal death of the CAl pyrami dal cells is dependent on intact glutamatergic inner vation (Onodera et aI., 1986; Johansen et aI., 1987) . Lesions to the excitatory input to the hippocampus afford protection of CAl pyramidal neurons either pre-or postischemia (Pulsinelli, 1985; Wieloch et aI., 1985; Jorgensen et aI., 1987) . There is evidence to support the excitotoxic hypothesis of cell death, which postulates that selective neuronal loss after ischemia is due to a common mechanism involving increased excitatory activities and a role for ionic imbalance, including raised cytosolic calcium con tent (Siesjo and Bengtsson, 1989) .
A number of mechanisms may account for the cumulative effect of repeated hypotensive episodes, resulting in neuronal loss after 1 week of recovery. The excitotoxicity induced by a single I-min insult could not produce any neuronal damage, but it is possible that an alteration in the calcium conduc tance or receptor sensitivity takes place during 1 h Y. YAMAUCHI ET AL. of recovery, which may modify the cellular re sponse at the second and third insult. It is also pos sible that during repeated insults there is a release or an accumulation of some injurious factor(s).
The present observations that repeated hypoten sive episodes lead to hippocampal damage may have clinical implications. Hemodynamic TIAs oc cur repeatedly in patients with obstructive disease of cerebral arteries or with Moyamoya disease. Fur thermore, patients with cerebral arteriosclerotic disease or orthostatic hypotension, in which there is a disturbed autoregulation of cerebral circulation, may experience repeated nonfatal circulatory defi ciencies. Zola-Morgan et al. (1986) reported neuro logical and pathological studies of a patient over a period of 5 years after recovery from repeated at tacks of global brain ischemia due to hypovolemic or cardiac shocks. In this patient, marked impair ment of memory was observed despite otherwise normal neurological findings, and the brain lesions were localized in the CAl subfield of the hippocam pus. Therefore, repeated nonfatal global brain isch emia was considered to be responsible for the hip pocampal damage. The present data may support the concept of a hemodynamic mechanism in the pathogenesis of some TIAs in humans, and may provide a clue to elucidate the pathological mecha nisms of repeated hemodynamic TIAs or vascular dementia.
